The structure of the detergent in crystals of outer membrane phospholipase A (OMPLA) has been determined using neutron diffraction contrast variation. Large crystals were soaked in stabilising solutions, each containing a different H 2 O=D 2 O contrast. From the neutron diffraction at five contrasts, the 12 A A resolution structure of the detergent micelle around the protein molecule was determined. The hydrophobic b-barrel surfaces of the protein molecules are covered by rings of detergent. These detergent belts are fused to neighbouring detergent rings forming a continuous three-dimensional network throughout the crystal. The thickness of the detergent layer around the protein varies from 7-20 A A. The enzymeÕs active site is positioned just outside the hydrophobic detergent zone and is thus in a proper location to catalyse the hydrolysis of phospholipids in a natural membrane. Although the dimerisation face of OMPLA is covered with detergent, the detergent density is weak near the exposed polar patch, suggesting that burying this patch in the enzymeÕs dimer interface may be energetically favourable. Furthermore, these results indicate a crucial role for detergent coalescence during crystal formation and contribute to the understanding of membrane protein crystallisation.
Introduction
The worldwide effort put into membrane protein research contrasts sharply with the number of membrane proteins whose structures have been determined to nearatomic resolution. This lack of structural information is at least partly related to difficulties with obtaining suitable crystals of membrane proteins. The amphiphilic nature of the proteinÕs surface, with large hydrophobic and hydrophilic areas, generally requires detergent solubilisation. The detergent needs to be accommodated in the crystal lattice, but supplies few specific interactions that may lead to crystal contacts. Knowledge of the factors that govern their crystallisation may help to rationalise the quest for diffraction quality crystals of membrane proteins. In this respect, analyses of the packing of detergent and membrane proteins in the crystal may contribute to achieving this (Pebay-Peyroula et al., 1995; Penel et al., 1998; Roth et al., 1991 Roth et al., , 1989 . The structure of the detergent phase cannot be determined routinely using X-ray diffraction, owing to the fluidity of the detergent molecules and their low X-ray contrast. In contrast, neutron diffraction combined with H 2 O=D 2 O contrast variation (Roth, 1991) allows the study of the partially ordered detergent in crystals. Recently, noble gas soaking has also been exploited to successfully map the detergent in porin crystals by lowresolution X-ray diffraction (Sauer et al., 2002) . Here, we have employed single crystal neutron diffraction to elucidate the organisation of the b-octylglucoside Outer membrane phospholipase A is an integral membrane phospholipase, which is present in many Gram-negative bacteria (reviewed in Snijder and Dijkstra, 2000) . Its 3D-structure consists of a 12-stranded antiparallel b-barrel with a convex and a flat side. The active site residues are exposed on the exterior of the flat face of the b-barrel. The activity of the enzyme is regulated by reversible dimerisation (Dekker et al., 1997) . Dimer interactions occur exclusively in the membraneembedded parts of the flat side of the b-barrel, with polar residues embedded in an apolar environment forming the key interactions (Snijder et al., 1999) . In monomeric OMPLA these polar residues are exposed to the hydrophobic interior of the membrane. Since the detergent is thought to mimic the natural membrane, elucidation of the detergent organisation can give clues on the interaction of these exposed polar residues with the lipid.
Methods

Crystallisation and soaking
Crystals of monomeric OMPLA were grown by mixing protein solution (30 mg/ml OMPLA, 10 mM succinate buffer, pH 6.5, 1.5% (w/v) 1-O-n-octyl-b-D Dglucopyranoside, 1 mM NaN 3 ) in a 3:2 ratio with a reservoir solution containing 25-29% (v/v) 2-methyl-2,4pentanediol (MPD), 1 mM CaCl 2 , and 0.1 M bis-Tris, pH 5.9-6.0 (Blaauw et al., 1995) . Rounds of macro seeding were necessary to obtain crystals of sufficient dimensions (typically 1:3 Â 0:4 Â 0:2 mm 3 ). Crystals were soaked for at least 2 weeks in stabilising mother liquors (29% (v/v) MPD, 1 mM CaCl 2 , 0.1 M bis-Tris, pH 5.9-6.0, and 1.5% (w/v) b-OG) with different D 2 O contents. The highest contrast which could be attained was with a mother liquor in which the solvent phase contains 71% (v/v) D 2 O and 29% (v/v) MPD. This has a scattering length density which is calculated to be 0:445 Â 10 À15 m/A 3 equivalent to a D 2 O=H 2 O solvent of 74% v/v D 2 O assuming that the MPD is uniformly distributed throughout the aqueous phase.
Data collection and data processing
Diffraction experiments were performed on the DB21 4-circle diffractometer at the Institut Laue-Langevin (Grenoble, France) at a fixed neutron wavelength of 7.53 A A. The instrument was equipped with a two-dimensional position-sensitive scintillation-detector of the Anger camera type (Roche et al., 1985) . The crystaldetector distance was 250 mm and the camera had a 2h swing out of 14°or 20°, which gives a highest attainable resolution of approximately 10 A A. Data were collected with exposure times of 15-20 min per 0.2°oscillations. For complete sampling of the reciprocal space, multiple crystal orientations were used, while for the 14.5% D 2 O data were collected from two different crystals. Neutron transmission experiments were used to scale the contrast of the MPD/water mixtures to that of pure water. Data were collected at five different D 2 O solvent contents (0, 14.5, 33.0, 46.8, and 61.2%) .
The crystal orientation matrix was determined using an interactive computer graphics approach using the programs Maindex (Penel and Legrand, 1997) and O (Jones et al., 1991) . Data integration and reduction were done with a customised version of XDS (Kabsch, 1993) . Data collection statistics are listed in Table 1 . The completeness at higher resolution (13-10 A A) is relatively low due to detector geometry and data collection time limitations. Therefore, the effective resolution of the combined data is approximately 12 A A.
Data scaling and structure factor calculation
For the acentric reflections the diffraction intensities resulting from a contrast variation experiment show a quadratic relation with the contrast (D 2 O content). For the centric reflections, which have their phases restricted, the structure factor amplitude shows a linear variation with the contrast. These relations were used to scale the five data sets together (Roth et al., 1984) . In space group P3 1 21 reflections can be indexed using two equally valid axis definitions, which differ by a rotation of 60°. As for each data set this definition is made independently of other collected data sets, this leads to 16 different combinations for five data sets. The selection of a consistent choice of axis definition was done on the basis of the scaling R-factor. The most consistent choice resulted in the lowest R-factor (6.3%). Incorrect combinations gave R-factors in the range of 13-20%. The contrast variation method supplies relative phase relationships between structure factors at different contrasts. Determination of absolute phases requires additional information. For this, we used the protein coordinates from the OMPLA monomer determined by X-ray crystallography as the partial starting model (Snijder et al., 1999) . First, the contrast at which the detergent contributed least to the diffraction was determined by comparing the structure factor amplitudes obtained from the experimental data, with structure factors calculated from the protein model. The maximum correlation was found at 10% D 2 O; in a finer systematic search the maximum correlation was found at 6% D 2 O (Fig. 1) , thus close to the match point of the hydrophobic tails of the detergent (1.8% D 2 O). With this phase information centroid maps at any contrast can be calculated (Roth, 1987) .
Modeling and refinement
At low resolution the contrast, which allows a molecule to be imaged, is the scattering length difference between the molecule and its (usually) aqueous environment. In pure D 2 O=H 2 O solution the scattering of protein is the same as that of a solution containing close to 40% D 2 O/60% H 2 O. That of hydrocarbon may be in the range 0-10% D 2 O. In our case the surrounding solvent contains also 29% MPD as explained above. For this reason we calculated the scattering length density of each MPD/D 2 O=H 2 O mixture and related it to a D 2 O=H 2 O solvent of the same contrast. In the following the term x% D 2 O is referred to as the contrast produced by a solvent with scattering length density the same as that of an x% D 2 O=H 2 O solvent. Initially centroid scattering length density maps at 10, 40, and 100% D 2 O were calculated. The 10% map was used to create an envelope that defined the protein. A first model of the detergent was obtained from the 40% map, corresponding to the match point of the protein (Fig. 2) . The most negative regions outside the protein envelope were modeled as hydrophobic detergent tails. The detergent volume fraction in the crystals is not known and a first estimate of about 7% was made by visual inspection of the 40% contrast map. Solvent regions were flattened and subsequently the density was smoothed by local pixel density averaging using a linearly decreasing weight and a cutoff radius of 8 A A. The modeled density was then transformed into pseudo-atoms. Scattering densities of half a hydrophobic b-OG tail were used as the scattering density of the pseudo-atoms. Phases were recalculated using structure factors from the protein model and the pseudo-atoms; the additional information allows calculation of the best estimate structure factors. Thus, structure factors were improved in an iterative process of map modeling and phase calculation. The quality of the model was monitored by an R-factor or correlation coefficient, which indicates the agreement between the calculated and the measured structure factors amplitudes at different contrasts.
Finally, the detergent volume in the crystals was estimated by monitoring the correlation between model Fig. 1 . Correlation between observed and calculated structure factor amplitudes as a function of D 2 O concentration. The correlation between calculated structure factors from the protein model alone and the interpolated structure factor amplitudes is shown by the thick solid curve. The other three curves indicate the correlation of the observed structure factor amplitudes with those calculated from: the protein alone (short dashes), the protein and the first detergent model (long dashes), and the protein and the final detergent model (solid lines). and measurements as a function of the modeled detergent volume. A broad optimum was found between 8 and 12% volume of the unit cell. Independently, the detergent was modeled in the 100% contrast map, where both detergent and protein have negative contrast with respect to the solvent. Using a detergent volume of 10%, modeling converged in three cycles and produced similar neutron maps. The scattering density maps at 40% contrast calculated for both models had a correlation coefficient of 0.9. Finally, both maps were averaged in real space to produce the final model density.
Xenon derivative
A xenon derivative was obtained by mounting an OMPLA crystal (size approximately 0:5 Â 0:2Â0:1 mm 3 ) in a short quartz capillary and applying 1:3 Â 10 6 Pa of xenon pressure. The crystal was equilibrated for 1 h prior to data collection. During data collection the pressure gradually decreased to 1:0 Â 10 6 Pa. Data were collected in house at ambient temperature (Mac Science DIP2030, Nonius FR591 rotating anode generator, CuKa radiation) and processed with DENZO and SCALEPACK (Otwinowski and Minor, 1997) . Intensities were reduced to structure factor amplitudes using the program TRUNCATE from the CCP4 package (Collaborative Computational Project Number 4, 1994) . Details of the data collection are given in Table 2 . Difference density calculation was based on the native crystal structure of OMPLA (Snijder et al., 1999) stripped of its detergent and water molecules. This model was refined as a rigid body against native data collected at room temperature (Mac Science DIP2020 detector, Nonius FR591 rotating anode generator, CuKa radiation) using refinement protocols as implemented in XPLOR (Br€ u unger, 1992) . Difference density (Fig. 5) and anomalous difference maps were calculated with programs from the CCP4 package and were analysed with MAPMAN (Kleywegt and Jones, 1996) . A low-resolution image of the xenon sites (70-10 A A) was made using the procedure described by Sauer et al. (2002) . Xenon atoms were assigned in the difference density using a 3.5r cutoff. However, some sites were buried in the protein interior or were solvent-exposed and clearly inaccessible to detergent. These sites were excluded from further calculations. The remaining atoms were given a B-factor of 50 A 2 and an occupancy depending on the peak height in the difference map. A back Fourier transformation yielded a calculated low-resolution xenon map.
Results and discussion
3.1. Phasing and model building Fig. 1 shows that at 6% D 2 O the protein contributes predominantly to the scattering, while the contribution of the detergent is minimal. Thus, the calculated structure factors from the protein model alone are closest to those determined experimentally when the scattering by the detergent is matched out. The match point of the detergent phase is close to that of the regions of the hydrophobic tails of the detergent. This indicates that the hydrophobic detergent regions dominate the scattering by the detergent (Fig. 2 , the match point of the detergent tail is at 1.8% D 2 O; the b-OG head group is matched at 52% D 2 O (Timmins et al., 1994) ).
Five cycles of modeling and phasing resulted in the final refined b-OG model. The scattering density of the detergent regions was assumed to correspond to that of the tail rather than the whole b-OG model because the correlation between observed and calculated structure factors was higher. Fig. 1 illustrates the evolution of the correlation between calculated and observed structure factor amplitudes in the course of the refinement. The correlation coefficient at 0% D 2 O hardly changes during the refinement, owing to the small contribution of the detergent to the scattering at this contrast. At all other contrasts the correlation coefficient clearly increases. The volume fraction of the detergent in the crystals can be estimated from a systematic search for maximum correlation between calculated and observed structure factor amplitudes. The best agreement corresponded to a detergent fraction of 8-12%, which amounts to 31-46 b-OG molecules per enzyme monomer. The detergent was modeled in an independent way in 100% D 2 O contrast maps, which resulted in a similar detergent structure and a comparable optimum in the modeled volume fraction.
Detergent structure
Figs. 3 and 4 show the neutron scattering density map at 40% D 2 O where the protein is matched out while the hydrophobic detergent tails have negative contrast. The detergent forms a band that encircles the protein and covers the exposed hydrophobic outer surface of the bbarrel. At the crystallographic twofold axis two such detergent rings coalesce. These double rings are intimately interconnected along the crystallographic 3 1 screw axis, thus forming a continuous network of detergent that extends throughout the whole crystal (Figs.  3a, 4c, and d) .
The thickness of the detergent ring parallel to the protein barrel varies considerably with regions as thin as 7-8 A A. These thin regions originate from the exclusion of detergent due to direct hydrophobic crystal contacts along the 3 1 screw axis (Fig. 3b) . At the b-barrel surfaces not involved in hydrophobic crystal contacts the detergent forms a band of 15-20 A A, slightly smaller than the thickness of the hydrophobic region in a typical lipid bilayer (Lewis and Engelman, 1983) . At the convex side of the b-barrel two rings of aromatic residues delimit the modeled detergent density (Fig. 4a ), similar to the rings observed in the detergent-protein structure of OmpF (Pebay-Peyroula et al., 1995; Penel et al., 1998) and the general porin from Rhodobacter capsulatus (Penel, 1997) . The aromatic rings fulfill a role in delimiting the detergent phase. The opposite side of the OMPLA bbarrel, which is the functional dimerisation interface, shows a large disc-like detergent region that fills the space between the twofold related molecules. The covering of the dimerisation face by detergent corroborates that OMPLA may be accommodated in the membrane as a monomeric unit. The detergent density is particularly weak near the exposed polar patch on the dimerisation interface (shown by arrows in Figs. 3a-c) indicating that burying this patch in the enzyme dimer may be favourable.
Individual detergent molecules
The resolution of the neutron diffraction data prohibits assignment of individual detergent molecules, but in the 2.1 A A resolution X-ray structure two ordered detergent molecules could be modeled. Additionally three electron density features were interpreted as b-OG head groups with partly ordered tails (Snijder et al., 1999) . The two complete detergent tails are found in the crevices created by packing two monomers together and fall within the detergent density in the neutron diffraction map. The detergent head groups are found at the periphery of the density and are mostly stacked on aromatic residues.
Comparison with other detergent-protein complexes
The detergent organisation in membrane protein crystals has also been determined for the photosynthetic reaction centres from Rhodopseudomonas viridis (Roth et al., 1989) and Rhodobacter sphaeroides , for two crystal forms of OmpF (Pebay-Peyroula et al., 1995; Penel et al., 1998) and for the general porin from Rhodobacter capsulatus (Penel, 1997) . The detergent organisation in the crystals of the two reaction centres is pseudo-identical , but the detergent structures between the other crystals share only few and general similarities. The detergent phase covers the most hydrophobic membrane-spanning protein regions and displays both positive and negative surface curvature. Furthermore, in all examples detergent-detergent interactions are present that are crucial for crystal packing.
The detergent structures are remarkably diverse. The tetragonal crystal form of OmpF shows two independent lattices of porin trimers with undisturbed detergent belts surrounding each trimer. These lattices only interact via detergent head group/head group contacts Fig. 4 . Details and overview of the detergent structure. (a) View of the convex b-barrel surface showing two lines of aromatic residues that delimit the detergent phase. The individual detergent molecules that were identified in the high-resolution X-ray structure (Snijder et al., 1999) are depicted in stick representation in red. (b) Detergent structure at the flat side of the b-barrel shows individual detergent molecules stacked on aromatic residues (violet). (c and d) Two perpendicular orientations of the neutron map show that the detergent forms a continuous network that extends throughout the whole crystal. (Pebay-Peyroula et al., 1995) . The trigonal form of OmpF is exceptionally different and shows layers of trimers. Within these layers the detergent has formed small distinct domains delimited by hydrophobic protein-protein crystal contacts (Penel et al., 1998) . In both crystal forms of OmpF the detergent phase is discontinuous. In contrast, the reaction centres have a detergent phase that runs in chains throughout the crystals. The chains are formed from interconnected undisturbed detergent belts. In Rhodobacter capsulatus porin the detergent forms a continuous phase in two dimensions. The crystal consists of stacked layers of porin trimers; within these layers the detergent has formed one interconnected phase surrounding all trimers. However, only in the OMPLA crystals the detergent forms a fully continuous interconnected three-dimensional network.
Crystal packing and crystal growth
Membrane protein crystals are traditionally classed into two categories (Michel, 1983) . Type I crystals consist of stacked layers of protein molecules. The crystals are held together by hydrophobic interactions in the plane of the layers (resembling 2D crystals), whereas polar contacts mediate interlayer interactions. Type II crystals have lattice contacts which involve only the polar regions of the membrane proteins. The hydrophobic regions are solvated by detergent micelles and direct hydrophobic interactions are absent. The packing of OMPLA molecules in the crystal does not obey either of the two types of membrane protein crystals. Here, a third crystal type (type III) is observed which consists of an intricate three-dimensional lattice formed by both hydrophobic and polar contacts.
The continuous detergent network and the hydrophobic crystal contacts suggest that during crystallisation OMPLA molecules approach each other closely and that merging of their detergent belts occurs. The formation of polar crystal contacts might drive crystallisation and induce merging of micelles after which detergent molecules could be expelled to allow hydrophobic crystal contacts. However, polar crystal contacts occur only between the molecules that are related by twofold rotational symmetry while along the 3 1screw axis hydrophobic interactions occur. The polar contacts cannot drive fusion of micelles along the 3 1screw axis, which suggests that the detergent belts themselves have a tendency to coalesce.
It is tempting to hypothesize that the coalescence of the detergent may be brought about by the precipitant 2methyl-2, 4-pentanediol, which has been shown to act as an amphiphile (Kita et al., 1994) and which has a marked nonpolar character (Pittz and Bello, 1971) . Moderate amounts of organic amphiphiles have been shown to be advantageous for membrane protein crys-tallisation, and their beneficial effect was attributed to increased micellar fluidity and deformability and decreased micellar size (Garavito et al., 1986; Marone et al., 1999; Michel, 1982 Michel, , 1983 Papiz et al., 1989; Timmins et al., 1991) . In higher concentrations (typical 20-25%) small amphiphiles even can induce a phase transition (Becher and Trifiletti, 1973) . The high concentrations of MPD in the case of OMPLA may influence detergent micelles in a similar manner; a nonmicellar phase could explain the interconnected detergent network in the crystals and the availability of hydrophobic protein surfaces for crystal contacts.
This hypothesis is supported by the reports of the crystallisation and structure elucidation of OmpA (Pautsch and Schulz, 1998; Pautsch et al., 1999) , OmpT (Vandeputte-Rutten et al., 2001) , and OmpX . These membrane proteins form also type III membrane protein crystals and all are crystallised in the presence of large amounts of organic solvents. a-Helical membrane proteins can also form type III crystals, e.g., bacteriorhodopsin (Essen et al., 1998) , cytochrome c oxidase (Iwata et al., 1995) , and rhodopsin (Palczewski et al., 2000) form such crystals. The former two are crystallised with large amounts of organic solvents, whereas rhodopsin is crystallised using heptanetriol as additive. Thus, type III membrane protein crystals appear to be fairly general and organic amphiphiles may facilitate such a packing arrangement.
Xenon soaking
A crystal of OMPLA was subjected to pressurised xenon gas (1.3-1:0 Â 10 6 Pa) during data collection. The difference Fourier map between xenon-soaked and native crystals is shown in Fig. 5 . The map shows one strong xenon site, which is the only site that is confirmed by the anomalous signal (not shown). This site is located in the b-barrelÕs interior, where a remarkably polar binding pocket is formed by the side chains of residues Glu117, Asn141, Arg157, Phe159, Lys174, and Trp176. Various sites with a lower occupancy are located in and around the b-barrel. The strongest of these minor sites are found on the hydrophobic exterior of the b-barrel. Xenon binds here in pockets formed by four hydrophobic side chains surrounding small surface depressions between two b-strands (Fig. 5b) .
From the xenon sites a back-Fourier was calculated as described by Sauer et al. (2002) . The calculated xenon-map (not shown) resembles to some extent the neutron diffraction detergent map, in the sense that the largest density is associated with the hydrophobic barrel exterior. However, the xenon map is discontinuous and shows a strong feature in the extracellular loop region of OMPLA.
The inability of the xenon map to convincingly resemble the neutron detergent density may originate from both practical and fundamental aspects. Nonisomorphism, reduced data quality, and strong X-ray absorption by pressurised xenon gas lead to increased noise levels in the difference map. Discrimination of sites with low xenon occupation from noise peaks is therefore difficult. Increase of xenon pressure may increase the occupancy at these sites.
A more fundamental issue arises because xenon can bind at sites different from the detergent (Fig. 5) . As a consequence, before calculating a detergent image, some xenon sites must be rejected from the calculation based on rather subjective criteria. Another limitation of noble gas soaking to enhance contrast between solvent and detergent becomes evident when considering the X-ray contrast for the different components in the crystal (Table 3) . Detergent molecules (here b-OG) have modestly positive contrast with respect to water, but the hydrocarbon part alone has negative contrast. Preferential accumulation of xenon in the hydrophobic part of the detergent micelle first decreases the contrast and only upon higher xenon concentrations increases it again. A simple calculation shows that more than 20% (v/v) of xenon should be present in a hydrocarbon region (n-C 8 H 18 ) before the contrast starts to increase. Even if these high concentrations are within practical reach, such high xenon concentrations may introduce distortion of the detergent region. Moreover, the limited contrast will make it inherently difficult to resolve disordered or poorly occupied xenon atoms. Being dependent on high-resolution well-defined xenon-binding sites for the study of detergent localisation presents a serious limitation to this technique.
A more appealing approach is to exploit the natural X-ray contrast between the solvent and the hydrocarbon region of the detergent (Table 3) to model the disordered detergent region. This requires, however, good quality low-resolution data and a reliable method to determine low-resolution phases. )2.13 0.422 a Scattering lengths of the elements are taken from Neutron News, vol. 3. No. 3, pp. 29-37 (1992) . b Molecular volumes are calculated using densities q MPD 0.964 g/ml and q n-C8H18 0.7025 g/ml from the Handbook of Chemistry and Physics, Weast and Astle (1983) . c Molecular volumes for the detergent are taken from Timmins et al. (1994) . d Solubility of xenon in water and n-C 8 H 18 are taken from Pollack (1981) ; Pollack and Himm (1982) . A 0.53% (v/v) xenon is dissolved in n-C 8 H 18 at 1 Â 10 5 Pa. e A radius of 2.25 A A is used for Xe-atoms.
